Cascading of Liquid Crystal Elastomer Photomechanical Optical Devices 
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Photomechanical actuation is demonstrated in two coupled liquid crystal elastomer photome- 
chanical optical devices (PODs) acting in series. The response function of an individual POD is 
characterized and used to predict the temporal response of the coupled system. The predicted 
coupled-system response agrees with the experiment for several waveforms and frequencies, suggest- 
ing that large-scale integration of photomechanical devices is possible. 
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I. INTRODUCTION 

Each electronic device class has an optical analogue, 
i.e. wires/optical fibers, thermistors/interferometric sen- 
sors, etc. [l| Having the ability to integrate together all 
the optical device classes would lead to new devices not 
possible with electronics, such as smart morphing sys- 
tems. Key to such a technology is the availability of 
mechanically flexible materials that combine logic, sens- 
ing, and actuation - as provided with photomechanical 
materials. Here, we characterize the response function of 
an interferometric photomechanical device using a novel 
liquid crystalline material and show that two cascaded 
devices behave as predicted by theory for various wave- 
forms and frequencies. 

Photomechanical effects have been observed in many 
materials [2H5J but the materials with the largest light- 
induced deformations are side-chain liquid crystal (LC) 
elastomers. [J, 0-Q In the mid-1990s, a dye-doped poly- 
mer fiber Fabry-Perot cavity was used to make a vari- 
ety of all-optical photomechanical devices ■|9Hr2| includ- 
ing the first all-optical circuit that combined sensing, ac- 
tuation, and logic. 9] Bian and coworkers showed that the 
dominant mechanisms in a dye-doped polymer are photo- 
thermal expansion and molecular reorientation. |13j 

In the present work, we use a highly-dye-doped liquid 
crystal elastomer (LCE) in a Fabry-Perot interferome- 
ter as the basic Photomechanical Optical Device (POD). 
The molecular structures of the components of a LCE 
are shown in Figure Q] Integration of PODs in a waveg- 
uide could lead to ultra-smart morphing materials with 
emergent properties. [5] Our goal is to demonstrate serial 
behavior of PODs as a first step in making smart mate- 
rials. Figure [5] shows the experiment. The laser intensity 
is modulated with a speaker that drives a Fabry-Perot 
interferometer. Each device is actuated with one beam 
and probed by a second beam that passes through an in- 
terferometer whose output depends on the length of the 
LCE. The probe output from the first elastomer drives 
the second elastomer. 



II. EXPERIMENT 

When the temperature of a liquid crystal increases, 
the orientational order is reduced. In an LCE, the liq- 



uid crystal and elastomer are coupled so that changes in 
orientational order of the liquid crystal leads to an in- 
ternal stress in the elastomer. The LCEs used in our 
studies are made by stretching them during the fabri- 
cation process, which leads to a bulk material in which 
the director of the liquid crystals is aligned along the 
stretching direction. 0, [y-Q The LCEs are doped with 
chromophores that can be optically activated to decrease 
the liquid crystal's order parameter, thus yielding a net 
contraction of the bulk material along the LC's director. 

Our device takes advantage of the extreme light- 
induced contraction of an LCE, which is leveraged by the 
orientationally-ordered nematic phase of the LC. There 
are two mechanisms that can lead to a length change: (1) 
a decrease in the orientational order of the mesogen due 
to a temperature increase upon absorbing light and (2) a 
reduction of the liquid crystalline order when the dopant 
molecule undergoes trans to cis photo-isomerization.[8] 
At room temperature, the thermal contraction coefficient 
of an LCE [8] is an order of magnitude larger than the 
thermal expansion coefficient of a typical thermoplastic 
polymer. Q The director of the LCE is oriented perpen- 
dicular to the partially-reflecting mirror's surface. This 
contraction of the LCE along the director will decrease 
the separation between the mirrors that define the inter- 
ferometer. 

The driving laser has a wavelength of 488nm, which is 
on resonance with the Disperse Orange 3 (D03) dopant. 
Energy that is absorbed by the D03 chromophore is 
transferred as heat to the LCE to induce thermal con- 
traction or results in photo-isomerization. The elastomer 
thickness is much greater than the 1/e absorption length, 
so the pump beam is fully absorbed. The probe beam is 
de-focused prior to entering the interferometer cavity to 
produce a ring pattern at the exit. The outgoing beam 
is split into two: one is deflected by a beam splitter to 
a detector and the other is transmitted as a pump beam 
to the second LCE. A second beam is used to probe the 
second interferometer. The outgoing probe beam is inter- 
cepted by a detector. However, the probe beam exiting 
the second POD can be used to pump a third stage (not 
shown), and so on. 

Due to the high absorption coefficient of the LCE, most 
of the light is absorbed near the LCE surface. There- 
fore, photo-isomerization is also localized near the sur- 
face while the photo-generated heat diffuses throughout 
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FIG. 1: (a) The chemical structure of the silicon backbone, 
(b) tri-functional cross-linker, (c) mesogenic side-chain, and 
(d) disperse orange 3 azo-dye dopant. 



the LCE. Thus, the response of the POD will depend on 
these two mechanisms. 

The detector measures the center portion of the ring 
pattern exiting the interferometer. The Fabry-Perot in- 
terferometer rests on two tunable precision screws and 
the elastomer, forming a tripod support. The LCE is ap- 
proximately 400/im thick and presents a 400/mi x 2mm 
cross-sectional area to the pump beam. The longer length 
of the LCE is parallel to the line joining the contact 
points of the two set screws for added stability. 



III. RESULTS AND DISCUSSION 

A subset of the experimental results are shown in Fig- 
ures [3] and |U The small amount of drift in the inter- 
ferometer is as it is expected from theory for a changing 
mirror separation due to heating of the substrate and 
heat diffusion through the interface. Aside from drift 
due to a slow background temperature drift, the POD's 
response follows the oscillations of the pump beam. The 
response time of the PODs in Figure EK is faster than the 
period of the waveform, therefore there is no lag between 
the waveform and the response. The n phase lag of the 
first POD is due to the interferometer being tuned to 
the negative slope part of the interferogram. The second 
POD is in phase with the pump because it is tuned to 
the positive slope region. 

Figure 0^, shows experimental results for a triangular 
pump intensity waveform whose period is comparable to 
the POD response time. There is a clear lag between 
the waveform and the response of the first POD. A simi- 
lar lag is observed between the first and the second POD. 
Figure HJd shows the experimental results for a waveform 
of a period that exceeds the response time. In addition 
to the phase shift of the response, the amplitude of the 
response of the second POD is lower due the first POD's 
lower amplitude of light modulation compared with the 
light source. We note that because the tuning of each 
Fabry-Perot interferometer can drift between measure- 
ments, some of the differences in phase lag and ampli- 
tudes may be due to drift. 

The response function of a material may be determined 
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FIG. 2: The experimental setup for two LCE-interferometer 
devices in series. A speaker is used inside a Fabry-Perot in- 
terferometer to modulate the initial laser intensity. 




20 

Time (s) 

FIG. 3: The transmitted intensity through each Fabry-Perot 
interferometer for a square wave input voltage to the speaker 
interferometer. / max is the maximum intensity of the central 
spot in the interference pattern, (a) The experimental results 
and theory for a 0.1Hz waveform (b) and for a 1Hz waveform. 



by characterizing the time dependence of the strain. A 
phenomena with multiple mechanisms can be modeled 
by a response function that is the sum of exponentials of 
the form, 
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where R is the response function of the material, hi is 
the time constant and A4 the amplitude of mechanism i. 
The response function relates the input intensity, I(t), 
at time r to the strain, o~(t), at a later time t according 
to, 
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Since the experiment measures the output intensity of 
the interferometer, I ou t(t), we must relate the strain to 
the output intensity using the Airy function, 
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where F is the finesse, L is the initial length of the LCE, 
A is the wavelength, and S is the phase shift. The sum 
of three exponentials is sufficient to model the response 
using Equation [TJ For the one set of fitting parameters 
shown in Table U the model yields the theoretical curves 
over a short range of time (after transients decay and the 
system reaches equilibrium) as shown is Figures [3] and |U 
Only 5 and / ma x needs to be adjusted between runs to 
account for interferometer drift. 

The fact that three exponentials provide a good fit to 
the data suggests that there are no more than 3 mech- 
anisms responsible. This is consistent with the mecha- 
nisms of heating and light-induced reduction of the ne- 
matic order of the liquid crystal domains due to photo- 
isomerization as the two dominant mechanisms. 

Relaxation process in polymers often lead to multi- 
exponential or stretched exponential behavior due to in- 
homogeneities that are introduced by the distribution of 
sites. [1J] We tried to model the response function using 
a single stretched exponential and found that while fits 
would be acceptable in limited ranges of the data, no one 
set of parameters were able to describe all of our data. 



TABLE I: LCE Parameters 



Constant Value 



Units 



bi 

b. 
Ax 
A 2 
A 3 



5.8 x 10 _i s _1 
0.55 s^ 1 

3.2 s _1 

1.23 x 10" 8 W~ 
2.30 x 10~ 9 W" 
1.66 x 10~ 8 W" 
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FIG. 4: (a) The transmitted intensities of each etalon for a 
0.5Hz triangular voltage waveform driving the speaker; and, 
(b) the transmitted intensities for a 2Hz triangle waveform, 
/max is the maximum intensity of the central spot in the in- 
terference pattern. 



Thus, it appears that our material is characterized by a 
small distinct set of mechanisms rather than an effect due 
to a continuous distribution of sites. While the fit to the 
data may improve if each of the exponentials were to be 
generalized to stretched exponentials, this seems unnec- 
essary given that the full data set is well characterized 
by 3 simple exponentials. 



IV. CONCLUSION 

In summary, we have demonstrated the first bulk all- 
optical cascaded photomechanical optical device using 
LCEs. We have characterized the tri-exponential re- 
sponse function of the material/device, and found that 
all of the data is consistent with the theory that uses one 
set of parameters. The present device is a natural test 
bed for evaluating new device architectures in the quest 
for developing an ultra-smart materials technology ow- 
ing to both the slow and large response of the system. 
Miniaturization and integration of such devices into a 
thermoplastic polymer-based fiber waveguide would in- 
crease the device speed and make interactions between 
PODs more efficient. Future work will focus on making 
single-beam fiber Bragg grating cascaded devices. 
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